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MECHANICS OF THE EXPLOSION BULGE TEST• 

By 

Carl E. Hartbower 
Chief, Welding Section 

Watertown Ar1enal 
Watertown 72, Ma11achu1ett1 

*Thil paper wa1 written while the author wa1 employed at the 
Naval Re1earch Laboratory, Wa1hington, D. C:. The opinion• or a11er­
tion1 contained he rein are the private one• of the writer and are not to 
be con1trued a, official or reflecting the view, of the Navy Department 
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MECHANICS OF THE BULGE 

INTRODUCTION 

The need for a • emi-work•-• cale te • t of weldment• featurin1 1im­

ple geometry and controlled loading led to the adoption of bulge-te• t 

method,. Both tube and bulge teat• permit controlled biaxial loadina: 

tube• require axial tenaion applied concomitantly with internal hydro-

1tatic prea1ure and bulge• require fluid or ga• preuure on edge • up­

ported diaphram1. Although the tube teat ha• the advantage of provid-

ing uniform 1train over a relatively exten1ive teat area, ma1aive 

equipment , d elaborate gripping device• are required to avoid end­

bending effect,. 
1 

Con1equently, tube te • tl are extremely expenaive 

and have been limited primarily to fundamental re search in the field of 

applied mechanic 1. The advantage• of bulge te1t1, on the other hand, 

lie in the • implicity of equipment and experimental technique •. The 

principle die advantage i1 the relatively ,mall area of pole region which 

may be cla11ed a• being effectively under uniform • train. Bulge• in 

1heet metal are produced by hydraulic pre •• ure applied to a te1t dia­

phram clamped over a circular or elliptical opening. The extension 

of hydraulic bulae te1ting to full thicknes1e1 of 1hip plate wa.a accom­

pli1hed by the detonation of anexplo1ive 1uapended in air over the te1t 

plate. The explo1ive i1 u1,d.only a1 an expedient method for obtaining 

the lar1e force nece11arytodevelop a bulge in thick plate. The object-
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ive of bul1e te1tin1 weld• in full thickne11e1 of 1hipplate ii to provide 

1emi-work1-1cale atructural te1tl incorporating uniform and control-

led loading of weld, HAZ, and parent plate and to thereby determine the 

factor• controlling weldment performance. 

Z 3 Initial 1tudie1 of flow and fracture in welded bulge• have eltab-

lilhed the merit• and u1efulne11 of the te1t method. Study of the di1tri­

bution of pla1tic 1train in variou1 weld and ba1e-metal combination• 

wa1 bade by mea1uring the di1tortion of a ZO-line-to-the inch grid ap­

plied to the 1urface of the te1t plate by the photogrid proce11 . Mea1-

urement11howed thatthe 1tre11 and 1train 1tate impoaed by the loading 

condition• are not alway1 accepted by the weld joint. Depending upon 

the relative flow 1trength1 of -..eld and ba1e metal, a 1y1tem of etre11 

and 1train entirely foreign to the remainder of the 1tructure may be 

developed in the weld and near-weld region,. A 1tudy of the fracture 

characteriltic1 of variou1 weld and ba1e-metal combination• indicated 

a wide range of performance which appeared to be determined by the 

propertie1 of the depo1ited weld metal rather than the HAZ. Te1t1 

have been conducted at temperature• ranging from approximately-100° 

to +zoo°F. Re1ult1 indicated that the explo1ion bulge te1t1 ii prim­

arily an evaluation of the crack initiation 1tage of weldment failure 

( c••trophic failure of welded 1tructure I may be con1idered to occur 

in t,vo 1ta1e1 -- crack initiation and crack propagation). lna1much a• 

external mechanical notche1 are ab1ent and the 1tre11 condition• of the 

bulge are e11entially biaxial, exten.1ive deformation i1 developed in 
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moat weldment• at ordinary temperature • of •ervice • ( 32 F and above) 

prior to the initiation of the fracture. Such data are applicable to the 

caae of •ervice entailina extenaive deformation (explo• ion, c-ollition, 

etc). Data • ianificant to 1tructure I which operate at ela• tic load1 are 

obtained by cau1ing fracture to occur at near- zero level• of deform­

ation. Thi• i• achieved by lowering the temperature, thus introducing 

a re • i • tance to flow 1ucha1 i• obtained under conditions of severe tri-

axiality. The requirements of low temperature to initiate failure in 

tough weld• at low levels of deformation re1ult1 in extensive fracturing 

of the ba• e plate 1ince mo1t • tructural materiah have an inherently low 

re1iltance to crack propagation at the • ub-zerotemperature s nec..e ssary 

for crack initiation. Crack initiation at a near-zero level of strain wat 

found to occur at widely different temperature • depending upon the notch 

toughne11 of the te • t weld. Temperature thu• 1erve1 as a baa is of eval­

uation- -the- weld~quiring the lowe • t temperature to initiate f rac:ture is 

deemed mo• t de1ir•ble. 

Information obtained from bulge test• of 1heet metal
4 

provided a 

guide in e1tabli1hing the pre1ent technique; however, the novel appli­

cation to heavy plate and to weld• involving differential ,training in the 

variou• component• of the weld zone po•ed new problems which requir ­

ed detailed • tudy of the mechanic• of te1t. A1 ,training progresses in 

the hydraulic bulging of sheet metah, the magnitude of the strain at any 

aiven level of deformation varie • from zero at the clamped edge to a 

maximum at the apex of the bulge. The extent of the pole region over 

-3-
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which the 1train1 are 1ub1tantially uniform i1 determined by the thick­

ne11-to-diameter (1pan) ratio and the degree of deformation to which 

the bulge ii 1ubjected. At a certain critical level of deformation, a 

5 
condition of in1tability develop• . When un1table flow occurs, it rain-

ing become• localized, the geometry of the te1t specimen changes and 

the 1tate of stre11 in that portion of the specimen undergoing plasti('. 

flow i• no longer under control. In the hydraulic bulaing of circular 

diaphram1, in1tabilityi• identified by an increase indeformation with 

no increa1e in pre11ure. In the formation of an elliptical bulge the 

1train ratio at the crown of the bulge change• continuously, gradually 

approaching one. Thu1, in the elliptical bulge the limiting condition i1 

determined by that 1tage of deformation at which there ii ane:J1ces1ive 

alteration in the 1train ratio; i.e., a 1011 of control over the 1tres1 

1tate. The following report is concerned with the mechanics of flow in 

the bulging of plate, particularly the effect of progre 11ive et raining (by 

multiple 1hotl) in producing instability and localization of flow. 

BULGING BY MEANS QT E~PLOSIVES 

The exten1ion of hydraulic bulge te1ting technique• to full thick­

ne11e1 of 1hip plate wa1 accompli1hed by the detonation of an explo1ive 

1u1pended in air over the te1tplate Fig. (1 ). Thete1t plate wa1 1up­

ported by a 3 11 thick armor 1addle containing either a circular (r = 6 11
) 

or an elliptical (a• 7. 5", b = 4. 8) opening (fig. la). To develop ap­

proximately uniform loading over the entire un1upported area of the 

teet plrte, die esplo• tve wa1 1haped to the form of a wafer of the 1ame 

-4-
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configurationa1 the opening in the ,addle plate (a= 6. 511
1 b = 3. 8 11 for 

elliptical charge• and r = 5" for circular charge •). The explo• ive was 

fired in air at a distance of 12 to 24 inche1 from the teat plai;~; the 

1tandoff wa1 regulated and the charge po• itioned by the simple exped­

iencyof a pa1teboard carton cut to the de sired height and marked for 

location of the charge on one end. The air bla• t was deemed to prod­

uce a uniformlydi1tributedpre11ure wave normal to the plate 1urface. 

In that the un• upported area of the 20 x 20 inch teat plate was only 28% 

of the total area, the high pre11ureapplied to the 1upported portion• of 

the plate effectively clamped the edge • to the • addle (fig. 2 ). 

The explosive i1 u1ed 1imply as a mean• of obtaining the high 

force • required to develop bulge • in thick plate. The depth of bulge 

produced by various combinations of weight and standoff of explo• ive 

ar-e indicated by the empirical relation• hip of Figure ( 3 ). Good repro­

ductibility of teat conditions are demon• trated. The u• e of applied 

energy (wgt. of explo1ive, number of 1hot1 1 etc. ) a1 the criterion of 

performance give• an integrated "order of merit" which i1 d;.fficult to 

re1olve into engineering parameter •; wherea1 mea1nrement1 of either 

the biaxial • train• developed in the • urface of the bulae or reduction of 

thickne •• provide data of direct engineering • ignificance. Con• ider, 

for example, the hypothetical ca• e of two yield• of the • ame terminal 

ductility but of different flow • trength; while both weld• will fracture at 

the 1ame level of • train, the weld with the higher flow • trength require• 

greater energy to develop the fracture • train. By 1eparate ob• e rvation• 
-5-
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of "re·•traint to flow" and "fiow at fracture" it ia po11ible to break down 

the energy value into two parameter a of engineering significance. 

Figure 4 illustrate a the re • training effect of an E 12016 weld depoeit 

in high-teneile steel - 3 a hot• ( 4 lba, at 15") were required to produce 

the 1amegenerallevelofdeformationas 2 shota against an E6010-HTS 

weldment. Likewiee, a marked difference in resistance to flow i• de­

monstrated between different types of structural material •; for ex-

ample, Z • hots again• t tte E6010 weld in mild steel developed almo• t 

twice the deformation produced by 2 ahota again• t E60 l O in HTS. Thu•, 

the energy required to produce 1imilar amount a of bulge ( • train) varies 

greatly depending on the 1tiffneu of the plate of weldment. In keeping 

with the principle that the explosive i• u1ed only a • a means of obtain­

ing thehighforce • required tobulge thickplate, a fixed wgt. of charge 

and 1tandoff are selected for each series of teats according to the re­

quirement• of the material being bulged. In bulging 3/4" thick weld­

mentl of mild and high-tensile • teel, a standard condition of 4 lbs. of 

explo• ive at 15" standoff was •elected; while in bulging 3/4" thick 61S 

aluminum plate with a 4 lb. chal'ge, the standoff wa• increased to 36". 

' In order to minimize the ri•e in temperature due to adiabatic deform-

ation, an increment loading technique wa1 employed· consisting of a 

1ucce11ion of explo• iona (4 lb. charge at lS inches 1tandoff) until the 

de • ired • train level obtained or fracture occurred. 

STRESS-.S..TR_~lN_c_ONPITlONS JN B]JLGES OF HEAVY PLATE_ 

The di1t:ribution of pla• tic 1train in the bulge 1urface wa1 deter­

-6-

l 



mined by mea1uring the di1tortion of a 20-line-to-the inch grid applied 

to the plate by the photogrid proce11. The mea1urement wa1 made by 

mean, of a micro1cope contain:ng a cro11hair and mounted ona micro­

meter 1lide. The micrometer-micro1cope in turn wa1 mounted on a 

platform 1upported by three adju1table leg • (Figure 5 ). In the ca1e of 

elliptical bulge 1, the 1train1 were mea•ured in the convex 1urface a­

long line• parallel to the major and minor axe1. The component par­

allel to the minor axil (the direction of major applied 1tre11) wa1 de-

1ignated e 1 and the component perpendicular to the minor axi1, e
2

. 

A • chematic of 1train diltribution ha• been u1ed a1 a mean• of ready 

reference and orientation for the reader. The 1chematic include• el-

ement1 1caled to rep re 1ent grid diltortion. Square• indicate equal ex­

tenlion1 in all direction• and rectangle • indicate greater 1train in one 

direction than the other. In the caae of the circular bulge, the conven­

tion wa1 adopted of delignating the component radial to the pole a1 e 1 

and the circumferential component at any point on a radial line a1 e 
2

. 

Mea1urement of the component of 1train thru the thickne11 (e 3) wa1 

made by micrometer caliper reading• at regular intervall along the 

major and minor axe• of the ellipae or along radial line• in the cir­

cular bulge. The natural 1train in the thickne11 direction wa1 com­

puted from the expre11ion loge To/T where To and T are the original 

and final thickne11ea, re1pectively. 

Since 1pan-to-thickne11 ratio in bulae te • ting of 1heet metall i1 

u1ually held at about 300: 1 to auure membrane condition• and in bula-

-7-
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Ina thick plate the ratio ii only about ZO: 1, it ii to be expected in the 

latter ca1e that bending conditions prevail. A comparison of the • train 

1tate1 exilting in the concave and convex surface• of thick plate bulges 

confirmed the pretence of bending . For example, in the early 1tages 

of elliptical bulging, mea1urement of e 
1 

in t he conc ave surface indicat­

ed 1mall compresaive • trains over the entire pole region. The ez 

component, on the other hand, consisted of small tensile strains in the 

pole region wliich were approximately 50% of the corresponding strain 

in the convex aurface. See fig. (6) for a schematic representation of 

the atraina in the concave and convex surfaces of circular and ellip-

tical bulge a at low levels of defotmation. 

A• the re1ult of bending, the sum of the biaxial surface comp­

onent• are not equal to the thickne s I strain ( in the bulging of diaphrams 

conatancy of volume in plaatic flow requires that e 1 + ez = e
3

). Figure 

(7) 1how1 the relationship between thickness strain measured by mi­

crometer caliper and the sum of the surface strains by photogrid. It 

ia to be noted that at low level• of • train the sum of the surface strain• 

increa1ed much more rapidly than the thickness strain, wherea1 at 

higher levels of deformation their rates became more nearly equal. 

U1ing an arithmatical average of the strain• in the concave and convex 

1urface1 to provide a nominal value of bulge strain at any given 1ection, 

(vector at midthickne 11 - a11uming a linear diltribution of pla1tic flow) 

the 1um of the averaae e 1 and ez 1train1 may be plotted ag~inst the 

mea1uredvalueofe
3

. Area1onablygoodequality ii indicated (fig. (7). 

-8-
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DEVELOPMENT OF INSTABILITY 

It ha• been pointed out that at a certain critical level of deforma­

tion a condition of instability may be expected to develop . When un -

stable flow occur,, straining becomes localized, the geometry of the 

teat apecimen change•, and the 1tre11 in that portion of the specimen 

undergoing plaetic flow is no longer under control. For example , in 

the formation of an elliptical bulge, the strain ratio at the crown of the 

bulge change• continuously gradually approaching one. Thus, the lim ­

iting condition in an elliptical bulge is that stage of deformation at which 

there ia an excee1ive alteration in the ,train ratio; i.e., 1011 of con-

trol over the etre•• atate . In the case of the circular bulge, the strain 

etate is constant but instability is manifest by localization of flow and 

an attending lo•• of pole area (an important requirement of the weld 

bulge-teat is that uniform deformation occur over an area sufficiently 

great to encompa11 weld depoeit, heat-affected zone, and a portion of 

the unaffected parent plate). 

Figure (8) illu1trate1 echematicallythe distributionandprogreu­

ion of flow in a circular and elliptical bulge each formed by the tame 

increment loading procedure ( a 1ucce11ion of three 4 lb. shots at 1 Z, 

18 and Z4 inch etandoff ). Note that in the caae of the elliptical bulge, 

the rate• ofincreaae of e 1 and e
2 

in th,:; pole region were not equal, e
2 

increaaed more rapidly than e
1
; conaequently, ae atraining progreseed 

the atrain atate approached balanced biaxial teneion. Localization of 

flow in the circular bulge reaulted in a aevere atrain gradient. The 

marked difference in the progreaaion of •train between the two 

-9-
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geometriee of bulge may be eeen by noting that ~he increase in strain 

wa1 only 60% in the elliptical bu1ge as compared to 114% in the circular 

bulge with the 1ame increment loading. Localization of flow in the el­

liptical bulge wa1 found to be be 1t illu1trated by thic kne 11 1train e 
3

. 

The increaae in e 3 from lit to 2nd ehot wae quite uniform over moet 

of the bulge area; whereae the ir.crea1e from 2nd to 3rd shot wae large­

ly confined to the pole region - pointing to the formation of a ee condary 

bt.lge (fig. 7 ). Note aho that in the plot of thickne11 etrain vereue 

depth of bulge (fig. ( 3) the elope of the curve increa1ed at a gradually 

increa1ing rate up to about 10% reduction-in-thickne11 after which the 

llope increa1ed at a more rapid rate indicating that for a emall increaee 

in depth of bulge, a large reduction in thickne11 occurred ( analogoue 

to necking in the ten1ile te1t ). 

MODIFICATION OF STRAIN ST A TE DUE TO THE PR.E.SENCE_QF WELD.S 

The pre1ence of a weld may greatly alter both the di1tribution and 

progre11ion of pla1tic flow in the bulge. In figure 9 the effect, are 

•chematically illi.oi!!rated for the ca1e of an elliptical bulge containing 

a we-ld of flow 1tren1th 1reatly overmatching that of the parent plate. 

A compariaon between the •train di1tribution1 in the weld and at po•-.. 
ition1 1omewhat removed from the weld di1cloaed that a marked re-

duction of •train (hereinafter called a ,train deconcentration) occurr­

ed in the tranaweld direction at location• in the weld and near-weld 

re1ion1. In the initial 1tage of deformation the l :Z 1train 1tate of the 

unwelded bulge wa• modified to 1: l by the tran• weld • train deconcen-

-10-
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tration. Moreover, as strainingproceeded (from 1st "..o 2nd to 3rd 

shot) the magnitude of the !ransweld componen~ was e ssen•1a!lv un 

changed; whereas, the weld-longitudinal component me reased ur.•1~ on 

the 3rd shot the strain was 2: 1. a romp:et.e reversal of •he l : ls•!"'a :n 

ratio in the unwelded bulge. 

Figure ( 10) illustrates the strain anisotropy of two we Ids of wide ~ 

ly different flow strengths in circular bulges of HTS. When the flow 

strength of the weld exceeded that of the base metal ( E 12016-HTS) a 

tran1weld • train deconcentration occurred in the weld and near-weld 

region•. When the flow strength of the weld was leu than tha~ of the 

ba1e metal(E6010-HTS) a concentration of strain developed in the weld 

cau1ing premature failure in the weld metal. The relatively low re = 

1iltance to flow of the E6010 weld in HTS aggrevated the natural tend­

ency for localization of flow in the circular bulge. A compari1on of 

the diltribution and progre11ion of thic)me11 • train in various comb­

ination• of weld and ba1e metal flow 1tren1th1 confirm• thi1 ob •erv-

ation. From figure 4, note that for a giYen increment of load (each 

• hot con1ilting of 4 lb •. of explo1ive at 15" 1tandoff) the flow strengths 

of weld and ba1e metal determined the energy (number of shot• 1 that 

could be delivered to the plate before in1tability developed . As a gen-

eral "rule of thumb" lOo/o reduction of thickne1a in the pole region is 

the limit of u1eful • train in the explosion bulge teat. 

~ __ C:Q~~~RI$QN _OF CII\CULAR AND ELLIPTICAL TRANSITIONS. 

In order to provide a compari1on between the fracture performance 

-11-
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of circular and elliptical bulge •, weldment s were prepared using E6010 

and El2016 weld metals and the • ame mild steel base metal as tested 

previously ovc r the circular die ( ref. Z). Two elliptical bulge trans-

itiona were determined for each weld metal - one with the weld on the 

major axia and one with the weld on the minor axia. 

In the caae of the E6010-MS combination (fig. 11) no difference 

wa1 ob1erved between the two orientations of weld in the elliptical bulge . 

The temperature corresponding to the lower side of the transition range 

wa1 the 1ame for ci:K:.Ular and elliptical bulging. The upper tran1ition, 

however, wa1 approximately zs°F higher u1ing the elliptical die. The 

fracture • initiated in the E6010 weld metal and generally propagated in 

the tran1weld direction. An occa1ional weld-longitudinal fracture oc­

curred with the weld on the major axil. 

TheE12016-MS combination (fig. 12), on the other hand, indicated 

a decided difference between the two orientation• of weld. With the 

weld on the major axil the tran• ition range wa1 broad, extending from 

approximately -110° to -S0°F or higher. Fracture I initiated in the 

ba1e metal at di1tance1 of t"to )t " from the centerline weld. With the 

weld on the minor axil a narrow tran1ition wa1 indicated at approx­

imately -80°F. Of nine fracture • examined, four initiated at weld 

metal poro• ity and five initiated in the HAZ at a diltance of approx­

imately 3/4" from the weld centerline. Three of the four weld metal 

failure • 1hould be dilcounted in analyzing the effect of bulge geometry 

on tran1ltion becau1e they were x-ray reject• (the weldment1 contain-

• 12-
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ing heavy poro• ity were tested at dry ice temperature to see whether 

HAZ failure • would occur in • pite of the porosity). A comparison be­

tween the tran• ition• obtained by circular and elliptical bulging indi­

cated the upper tran• ition to be higher by the elliptical bulge. The 

difference between the circular and elliptical bulge was greatest with 

the weld on the major axi• (approximately 50°F higher by the ellipti-

cal bulge); with the weld on the minor axis, the strain state more near­

ly matched that of the circular bulge and the difference was only Z5°F. 

lnaufficient data are available for comment on the lower tranaition, 

although the indication ia that with this orientation of weld there i1 no 

appreciable difference between the circular and elliptical bulge per­

formance. 

It appear • that no particular advantage ia gained by the uae of the 

elliptical bulge. Anisotropy inherent to we-ldment• reaulta in unbal­

anced atre•• and Hrain in the weld and near-weld region of circular 

bul1e•. Thu•, an unbalanced load impo•ed by mean• of elliptical 1eo­

metry can accompli•h little more than modify the unbalance introduced 

by the ani• otropy of the weld re1ion. The ahift in the upper limit of 

the tranaition range ii believed to be the reault of thia modification of 

the •train • tate. The lower limit, on the other hand, which corre •-

pond• t• .fr~cture at or about the elaatic limit, would not be expected 

to be infl•aced by a modification of biaxial load field, 

-13-
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Divilion, Vtol. 171, pg. 56Z ( 194 7). 
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FIGURE 1 
EXPLOSION BULGE TEST EQUIPMENT 
illu•trate• the dmplicity of te•t procedure•. 
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FIGURE la 
DETAILS OF THE DIES 
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FIGURE Z 
CIRCULAR BULGE IN )/4-INCH PLATE 
three view• of a 1ingle bulge 1how the effectiveneu of 
edge clamping by explQ1ive action. 
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FIGURE 3 
DEPTH OF BULGE 
variou1 rel•tion1l.,p1 • bowing the reproducibility of 
te1t re1ult1 and criteria that may be u• ed in evalua­
ting performance. 
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FIGURE 4 
STRAIN DISTRIBUTIONS 
the effect of weld and ba1e metal flow 1trength in re-
1training pla1tic flow are indicated. 
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FIGURE 5 
MEASUREMENT OF SURFACE STRAIN 
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FIGURE 6 
RELATIVE STRAINING IN THE CONCAVE AND CON­
VEX SURF ACES 
in the early •tage• of bulging the concave •urface ia in 
compre11ion. 
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FIGURE 7 
DISTRIBUTION OF THICKNESS STRAIN AND ITS 
RELATION TO SURF ACE STRAIN 
in the early 1taae• of bulgina, the 1train in the convex 
1urface of the bulge develop• much more rapidly than 
the thickne11 1train. 
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FIGURE 8 
DISTRIBUTION AND PROGRESSION OF SURFACE 
STRAIN ON REPEATED LOADING 
inetability and localization of flow are indicated. 
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FIGURE 9 
EFFECT OF WELDING ON THE DISTRIBUTION AND 
PROGRESSION OF PLASTIC FLOW 
comparin1 welded and unwelded, note the marked de­
concentration of tran1weld 1train and the equality of 
1train in the weld-lon1itudinal direction; comparing 
11t and 3rd 1hotl welded, note the re1i1tance of the 
weld metal to flow in the tran1weld direction. 
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FIGURE 10 
DISTRIBUTION OF STRAIN IN WELDS OF DIFFERENT 
FLOW STRENGTHS 
with the flow strength of weld metal greater than that 
of the base metal, a strain deconcentration develops in 
the transweld direction; with weld flow strength less 
than that of the base metal, a strain concentration oc­
cur• in the joint. 
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FIGURE 11 
TRANSITIONS FROM DUCTILE TO BRITTLE BE­
HAVIOR IN CIRCULAR VERSUS ELLIPTICAL 
BULGES -- E6010 WELD METAL IN MILD STEEL 
little or no difference ia indicated between the two 
geometrie• of bulge at the temperature producing 
extreme brittlene •• (failure at a near-zero level 
ot etrain). 
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FIGURE 12 
TRANSITIONS FROM DUCTILE TO BRITTLE BE­
HAVIOR IN CIRCULAR VERSUS ELLIPTICAL 
BULGES -- El2016 WELD METAL IN MILD STEEL 
note the difference in performance between the two 
orientation• of weld in the elliptical bulge. 
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